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Abstract.� The spatialandtemporalvariationin photochemicalproduction

of ozoneover major sourceregionsin EastAsia during the NASA Transport

andChemicalEvolution over the Pacific (TRACE-P)measurementcampaign

in Spring2001is assessedusinga global chemicaltransportmodel.Thereis a

stronglatitudinal gradientin ozoneproductionin springtime,driven by region-

al photochemistry, which rapidly diminishesasthe seasonprogresses.The great

variability in meteorologicalconditionscharacteristicof EastAsia in springtime

leadsto large daily variability in regional ozoneformation,but we find that it

hasrelatively little impacton the total global production.We notethat transport

processeseffectively modulateandthusstabilizetotal ozoneproductionthrough

their influenceover its location.However, the impacton the global ozonebur-

den,importantfor assessingthe effectsof precursoremissionson tropospher-

ic oxidizing capacityandclimate,is sensitive to local meteorologythroughthe

effectsof locationon chemicallifetime. Stagnant,anticyclonic conditionscon-

ducive to substantialboundarylayer ozoneproductiontypically allow little lift-

ing of precursorsinto the free tropospherewheregreaterozoneproductioncould

occur, andthe consequentshorterchemicallifetime for ozoneleadsto relative-

ly small impactson global ozone.Conversely, cyclonic conditionswith heavy

cloud cover suppressingregional ozoneproductionareoften associatedwith sub-

stantialcloud convection,enhancingsubsequentproductionin the free tropo-

spherewherechemicallifetimes arelonger, andthe impactson global ozoneare

correspondinglygreater. We find that ozoneformation in the boundarylayer and

free troposphereoutsidethe region of precursoremissionsdominatestotal gross

productionfrom thesesourcesin springtime,andthat it makesa big contribu-

tion to the long rangetransportof ozone,which is greatestin this season.
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1. Intr
�

oduction

Photochemicalformationof ozonein the tropospherefrom precursorspeciessuchasnitro-

genoxides(NO� ), carbonmonoxide(CO) andhydrocarbonsleadsto a degradationof local air

quality[Haagen-Smit, 1952]andto aglobalincreasein O� thatleadsto aglobalwarming[Lacis

et al., 1990;Hansenet al., 1997]. The link betweentheseregional andglobal impactsis be-

comingincreasinglyevident[Hansen, 2002]. Ozoneis alsotheprincipalsourceof tropospheric

OH radicalsandthereforecontrolsthe rateat which gasessuchasmethaneareoxidised[e.g,

ChameidesandWalker, 1973;Crutzen, 1974;Thompson, 1992]. On a globalscale,thephoto-

chemicalproductionof O� in thetropospheregenerallydominatesthestratosphericinflux [Liu

et al., 1980;LelieveldandDentener, 2000;PratherandEhhalt, 2001]. While theproduction

mechanismsarewell known [e.g.,ChameidesandWalker, 1973;Crutzen, 1974;Loganet al.,

1981],themagnitude,timing andlocationof greatestO� formationdependon themeteorologi-

cal environmentabouttheregion of precursoremissions.Meteorologicalprocesseseffectively

modulatethechemicalprocessingof O� throughtheamountof sunlightandwatervapour, the

residencetime in theboundarylayer, thedilution andmixing of differentprecursorsandtheir

scavengingby cloudsandprecipitation,andthe long-rangetransportanddispersionof theO�

produced.

In the pollutedboundarylayer, the lifetime of O� to chemicaldestructionanddepositionis

relatively short( 	 days),but remainslongerthantypicaldynamicaltimescales(hoursto days),

andhencemuchof theO� formedtheremaybetransportedtocleanerenvironments.Atmospheric

lifting processesassociatedwith convectionor frontalsystems[Pickeringetal., 1990;Bethanet

al., 1998]areparticularlyimportantin controllingtheglobal impactsof theO� formedasthey

raiseit higherinto thetropospherewherethelifetime to chemicaldestructionis longer(weeksto
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months).
 Transportof O� precursorsout of pollutedemissionregionstypically leadsto slower

but greatertotal O� production[Liu et al., 1987],andsupplementsproductionfrom sourcesin

thetropospheresuchaslightning. Theexportof short-livedprecursorssuchasNO� is generally

inefficient [Horowitz et al., 1998]andsubsequentO� productionin the free tropospherefrom

boundarylayersourcesis thereforedependentontemporarystorageaslonger-livedNO� species

andon thelocationandtiming of rapidverticaltransportby convection. ChatfieldandDelany

[1990]providedcontrastingexamplesof O� productionin biomassburningplumesundergoing

delayedor immediateconvective lifting, colourfully termed“cook-then-mix” and“mix-then-

cook” scenarios,demonstratingvery differentimpactson regionalandglobalO� . While rapid

boundarylayerformationin stagnantconditionsoverpollutedurbanregionsin thepresenceof

strongsunlightandhigh temperaturesmay lead to a large buildup of smogO� , Sillmanand

Samson[1995]speculatedthattheimpactsonglobalO� , andhenceonclimate,maybelessthan

in overcastconditionswhereO� buildup is small, but the export of precursorsis larger. The

balancebetweenregional anddownwind productionandits sensitivity to meteorologyis thus

importantbothfor assessingtheimpactsof surfaceemissionsonair qualityandclimate,andfor

understandinghow globalor regionalclimatechangemayaffect theseimpactsin thefuture.

Thisstudyusestheextensivesetof measurementsandanalysisfrom theNASA Transportand

ChemicalEvolution over thePacific (TRACE-P)measurementcampaignheld in Spring2001

[Jacobetal., 2003]asacasestudyto examinethemeteorologicalfactorscontrollingproduction

of O� from fossil fuel sourcesover EastAsia. Outflow of pollution from rapidly-developing

countriesaroundthePacificRim is known to influencetroposphericO� onahemisphericscale,

andhasthegreatesteffectsin springtime[Berntsenet al., 1996;Jacobet al., 1999;Mauzerall

et al., 2000; Wild and Akimoto, 2001; Bey et al., 2001]. The meteorologyof the region in
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spring
 is characterisedby strongfrontal activity which lifts pollution into the pathof strong

westerlywindswhich maycarry it acrossthePacific. This transportis consequentlyepisodic

in nature[Yienger et al., 2000], asthe passageof successive low pressuresystemsinterlaces

pollutedcontinentaloutflow with cleaner, marineair [Mari et al,, 2003]andwith dry air from

thestratospheredescendingin trailinganticyclones.Themeteorologicalprocessesleadingtothis

variability in outflow alsostronglyinfluenceO� productiondirectlyvia their impactsonmixing

processes,humidity, photolysisratesandscavengingof precursors,providing idealconditions

for studyof variability in O� productionandits globalimpacts.

While previousstudieshavecharacterizedtheproductionandexportof O� from EastAsiaon

a seasonalor annualbasis,this studyusestheday-to-dayvariationsin weatherto identify the

meteorologicalfactorscontrolling thebuild up of troposphericO� . By following theemission

of O� precursorseachday from a specifiedregion individually, we areableto show how the

differentmeteorologicalconditionsaffect local versusregional productionand thushow the

synopticweatherpatternscontrol thenet impactof emissionson global troposphericO� . The

principalaimsof thepaperareto quantify thecontributionsof EastAsianemissionsto global

O� during springtime,to relatetheseto the meteorologicalconditionsover the sourceregion,

and thus to examinehow meteorologicalmechanismscontrol the balancebetweenlocal air

quality andglobal climate forcing. In section2, we evaluatethe performanceof the model

usedin this studyagainstO� tendenciesderivedfrom TRACE-Pobservations. This campaign

providedextensive observationaldatafrom two aircraft operatingin the region with sufficient

detail to allow thoroughtestingof currentphotochemicaltheory [Cantrell et al., 2003]. We

examinethe regionalproductionof O� from EastAsia during thespringof 2001in section3.

We thenfocuson thedaily variability in O� productionfrom eachday’semissionsin section4,
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exploring� its dependenceon meteorologicalconditions,andnotinggenerallyoppositeimpacts

onairqualityandclimateforcing. Weconcludebytestingthesensitivity of productiontospecific

meteorologicalvariables,andidentifyingpotentialbiasesin this study.

2. CTM OzoneProduction

This study usesthe FrontierResearchSystemfor Global Change(FRSGC)versionof the

University of California, Irvine (UCI) global chemicaltransportmodel (CTM), describedin

Wild andPrather [2000]. Themodelis run at T63 resolution(1.9
 x1.9
 ), with 37 eta-levelsin

the vertical,andis drivenby 3-hourmeteorologicalfields for Spring2001generatedwith the

EuropeanCentrefor Medium-RangeWeatherForecasts(ECMWF) IntegratedForecastSystem

(IFS).Theconfigurationof themodelandmeteorologicaldatausedin thesestudiesis described

in moredetail in Wild et al. [2003], andis presentedwith an evaluationof the O� simulation

duringtheTRACE-Pperiodagainstobservationsfrom aircraft,ozonesondesandsatellite.The

modelusesa linearizedstratosphericchemistryfor O� [McLindenet al., 2000],andcalculates

a reasonablenet flux of O� from the stratosphereto the troposphereof 557 Tg/yr. With this

treatment,the model is able to capturethe short-termvariationsin total column O� which

affect photolysisratesin thetroposphere,aswell asthemagnitudeandtiming of stratospheric

intrusions.Thegeneralfeaturesof theO� distributionover thePacificarereproducedverywell

[Wild et al., 2003], althoughthereis a tendency to overestimatethe total O� columnat 45
 N

by about12%comparedwith columnsfrom theTOMSsatelliteinstrument,andto overestimate

boundarylayer O� nearpollutedcontinentalregionsby an averageof 12 ppbv at ozonesonde

locations.Furthermodelevaluationandassessmentof therepresentativenessof theTRACE-P

measurementsis presentedin Hsuet al. [2003].
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To� evaluatethe CTM simulationof O� productionover the westernPacific, we compare

the instantaneousnetchemicalproductionof O� sampledfrom themodelfieldsat one-minute

intervals along the flight tracksof the NASA DC-8 and P-3B aircraft during the TRACE-P

campaignwith thosederivedfrom photochemicalsteady-stateboxmodelcalculationsdrivenby

observedprecursorconcentrationsandphotolysisratecoefficientsusingtheGeorgiaTech/NASA

Langley box model[Crawford et al., 1999]. Figure1 shows themeanlatitude-heighttendency Figure 1

for O� for all flightsoverthewesternPacificregion,binnedontothehorizontalgrid of themodel

( 	 190km)andonto500-mlevelsin thevertical.Wherekey observationalvariablesconstraining

the box modelareunavailable,and the O� tendency cannotbe calculated,the CTM value is

omittedsothatthesamplingis identical.Ozonedestructiondominatesin thelowertroposphere

southof 27
 N andbelow 6 km in clean,marineair masses;northof this region thereis strong

productionin thelower tropospherein thecontinentaloutflow from ChinaandKoreaandfrom

sourcesoverJapan.Thisclearseparationinto twodistinctregimesis similarto thatfoundduring

thePEM-WestB campaignin 1994[Crawfordetal.,1997],andreflectsboththelocationof major

sourcesandthe key meteorologicalboundariesin Spring. Thereis significantO� production

in theuppertroposphereover thewhole region, greatestat about10 km, similar to that found

threeweeksearlierin 1994duringthePEM-WestB campaign[Crawford et al., 1997]andone

monthlaterin 1998duringtheBIBLE-T campaign[Miyazakietal., 2003]. Thegrossproduction

rate,definedasthe sumof the ratesof NO reactionwith modelledperoxyradicalsfollowing

Crawfordetal. [1997],is shownseparatelyin thelowerpanelin Figure1. While boundarylayer

productionis reasonablywell matched,thereis asignificantunderestimationof formationin the

middle anduppertroposphererelative to the constrainedmodel,which contributesto a mean

underestimationof netproductionof about30%in thisregion. Thedestructionratematchesthe
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constrained� modelmorecloselyexceptin thepollution plumessampledbetween2 and6 km.

Thelocationsof many of theplumefeaturesarecaptured,but themagnitudeof formationand

destructionin theselayersis typically underestimatedasthey fall below the grid scaleof the

model.

The simulationscanbe comparedin moredetail by consideringthe statisticaldistributions

of the aircraft and model dataalong the flight tracksaveragedover 1-km altitude bins, see

Figure2. In thelower troposphere,thenetproductionis reasonablywell matched,althoughthe Figure 2

high-enddistributionsaresomewhatlow asplumeconditionscannotbereproduced.Between2

and5 km, thereis slow netdestruction,andbothformationanddestructionratesremainlarge;

above5 km, destructionis slow, andformationdominates.Theprofileof themainO� precursor

species,NO� , is reproducedwell in shape,but meanabundancesareconsistentlyunderestimated

by about35%. Consequently, while thegrossO� destructionrateis simulatedwell, thegross

formationrateis onaverage20%low. TheCTM doesnotcapturethevariability in O� formation

driven by the presenceof plumes,which alsocontributesto this bias. The O� profile reveals

anoverestimationin theboundarylayer, but themeanabundanceof O� is 9% low in the6–10

km region,consistentwith underestimatedproduction.Notethatthelargermodelledvariability

in O� in this region indicatesthatstratosphericinfluencealsomakesa significantcontribution

here.Theprincipaloxidationproductsof NO� , nitric acidandperoxyacetylnitrate(PAN), are

reproducedreasonablywell in thefreetroposphere,but areoverestimatedby about70%in the

boundarylayer. This mayreflectpoorsimulationof regionalemissionor depositionprocesses,

but it mayalsobeattributedto overestimationof O� andhenceOH productionin thepolluted

boundarylayer, leadingto oxidationof NO� which is too rapid.
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The� photolysisfrequenciesof O� andNO� , which play importantrolesin O� formationand

destruction,aregenerallywell simulated,with meanvalues2%and13%abovethoseobserved,

respectively. Thisreflectsuncertaintiesin thesimulationof cloudcoveraswell asin calculation

andmeasurementerror, andis similar to comparisonsfrom previousmeasurementcampaigns

[Shetteretal., 2003]. Specifichumidityisgenerallyreproducedwell in themeteorologicalfields

atthesurfaceandin coastalregionsatozonesondestations[Wild etal., 2003]. It isoverestimated

byanaverageof 2%comparedwith diodelaserhygrometermeasurementsfromtheDC-8aircraft

[Podolskeetal., 2003],andby 6%comparedwith thecompositemeasurementsusedto drivethe

boxmodel,heavily biasedby overestimationat5–8km overtheoceanat30–35
 N. Thismaybe

partly responsiblefor overestimationof OH andHO� , whichareonaverage9%highcompared

with thebox model. Note,however, that this falls well within the30%1-� errorestimatedfor

theboxmodelcalculations[Davisetal., 2003],andthattheerrorin theCTM simulationis likely

to be larger. However, OH is 60–80%higherthantheaircraft observationsin themiddle and

uppertroposphere,indicatinga significantdiscrepancy betweenthemeasurementsandcurrent

understandingof photochemistrythatremainsto beresolved. Theoverestimationof HO� with

theboxmodelalsohighlightstheuncertaintyin themeasurement-derivedO� tendencies.

Theoverestimationof O� andNO� in theboundarylayerandunderestimationof NO� in the

free tropospheresuggestseither that thereis insufficient vertical lifting of O� andprecursors

out of the boundarylayer, or that O� is producedon time scaleswhich aretoo shortcloseto

sourceregions. Thesimulateddistributionsof CO have beenevaluatedelsewhere[Kiley et al.,

2003;Hsuet al., 2003],andthoughabundancesareunderestimatedhereby anaverageof 6%,

no significantverticalbiassuggestinginsufficient lifting is evident,seeFigure2. It is therefore

likely thatthetheunderestimationof O� productionin themiddleanduppertroposphererelative
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to the� constrainedmodelis dueto shortermodeltime scalesfor productionin sourceregions,

causedby neglectingtheimpactof aerosoleffectsonphotolysisrates[Martin etal., 2003;Bian

et al., 2003; Tang et al., 2003], by simplificationsof hydrocarbonoxidationandomissionof

heterogeneousprocessesin thechemicalscheme,andby theeffectsof coarsemodelresolution

on nonlinearHO� /O� /NO� chemistry. Theassumptionof instantaneousmixing within a model

grid box is known to causeoverestimationof O� production[Sillmanetal., 1990;Chatfieldand

Delany, 1990;Jacobet al., 1993],andthe consequentreducedexport of precursorsmay lead

to reducedproductiondownwind. The implicationsof resolutionfor thepresentstudywill be

addressedfurtherbelow.

The uncertaintiesin this comparisonareclearly large, andoriginatefrom sourcestrengths

andtheirvariability, from samplingtherelatively coarse-resolutionCTM datain thepresenceof

small-scalefeaturessuchasoutflow plumesandcloudcover, andfrom theassumptionsusedin

deriving instantaneousproductionin thetwo models.Nevertheless,themagnitudesandpatterns

of formation and destructionagreesufficiently well to improve confidencein our ability to

simulateO� productionin thetroposphere,while alsopointingto potentialbiasesin thesemodel

simulations.

3. RegionalOzoneProduction

Wefirstconsiderthetemporalandspatialvariationsin O� productionovertheeastAsianregion

duringtheTRACE-Pcampaignperiod. Thedaily netO� productionratein theboundarylayer

over theextendedregion (5
 –45
 N, 95
 –150
 E) for Februaryto April 2001is shown in Figure

3. Themeannetproductionrateis 246Gg day�
�
, anddoesnot changemuchover theperiod, Figure 3

althoughtheday-to-dayvariability is large,about28 Gg day�
�

(1� ). The total netproduction

in theregionalboundarylayerovertheperiodis 21.9Tg. Themeannetproductionratethrough
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the depthof the troposphereis 320 Gg day�
�
, indicatingthat free-troposphericproductionis

responsiblefor about23% of the total net productionover the region. This is in reasonable

agreementwith earlierstudies[Pierceet al., 2003]which estimateda meanproductionrateof

370Ggday�
�
betweenMarch7 andApril 12,2001,overadomainslightly largerthanthatused

here;wefindaproductionrateof 340Ggday�
�
overthesameperiod.Althoughwechoosenotto

diagnosethegrossflux of O� from thestratosphereonthegroundsthatit is resolution-dependent

andthusnot a usefulmeasureof stratosphere-troposphereexchange[Hall andHolzer, 2003],

we find thatabout30%of theO� over theregion is of stratosphericorigin, droppingto 20%in

theboundarylayer, consistentwith earlierfindings[Pierceet al., 2003].

ThenetO� productionratein theboundarylayeroverChina,theclosestsourceregion to the

measurementsmadeduring TRACE-P, is shown separatelyin Figure3, andaccountsfor just

over half of thenetregionalproduction,134Gg day�
�
. Theincreasingphotochemicalactivity

overthismorenortherlypartof Asiaduringspringtimeleadsto acleartrend,with O� production

increasingby an averageof 0.70 Gg day�
�
. This trend appearsstrongerin the first half of

theperiod. Theresidualproductionfrom eastAsia outsideChinadecreasesduringtheperiod,

asproductionis dominatedby biomassburning sourceswhich peakin FebruaryandMarch;

consequentlytherelative importanceof sourcesin Chinaon total regionalproductionincreases

stronglyover the period,from 45% at the beginningof Februaryto 63% by theendof April.

The variability in the detrendeddaily productionis 15% (1� ), andreflectsdifferencesin the

meteorologicalvariablesthat modulateO� production,in particularcloud cover, temperature

andboundarylayerresidencetime. Thiswill beexploredin moredetailin thefollowing section.

In contrast,netboundarylayerO� productionoverEuropeis foundto average125Ggday�
�

over thesameperiod,andover theUnited Statesis 187 Gg day�
�
, seeTable1. Both regions Table 1
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exhibit� largertemporaltrends,2.0Gg day�
�

overEuropeand3.0Gg day�
�

over theUS.

To investigatethetrendin netO� productionoverthespringseasonin moredetail,weexamine

productionover large,heavily-populatedmetropolitanregionsin EastAsia, focusingon Hong

Kong,Shanghai,Beijing andTokyo. Figure4 shows themonthly-meanproductionratein the Figure 4

boundarylayerovereach2
 x2
 region, togetherwith its day-to-dayvariability. Over thesouth

of the region, O� productionis strongandthe seasonalincreaseis weak; thereis a decrease

in productionover HongKongin April causedby a decreasein biomassburningsourcesfrom

neighbouringregionsandby increasedcloudcover. In contrast,morenortherlyregionssuchas

Beijing andTokyo show rapidly increasingphotochemicalactivity dueto longerdaylighthours

andhighertemperatures.Ozoneformationis sufficiently slow in Februarythat total boundary

layerproductionis small,andfor Beijing wefind asmallnetdestruction.Consequentlythereis

astronglatitudinalgradientin O� productionin Februarythatdisappearsby April. A significant

gradientis still presentduringtheMarchtimeperiodof theTRACE-Pcampaign.

4. Regionalvs. Global Production

BoundarylayerO� formationfromregionalprecursoremissionsoccursonrelativelyshorttime

scales,andis importantin controllingregionalair quality. However, theimpactsof thesesurface

emissionson theglobalO� budget,importantfor assessingeffectson climateandtropospheric

oxidizing capacity, is also dependenton continuedproductionin the free tropospherefrom

transportedprecursors,whichoccurson longertimescales.Therelative importanceof regional

anddownwind productionfor the global O� budgetis stronglydependenton meteorological

processes,andhasnot beenclearly characterized.The sensitivity of the large-scaleimpacts

on O� to theoccurrenceandtiming of deepconvectionhasbeenhighlightedby Chatfieldand

Delany[1990],andthesensitivity of productionin pollutedair-massesfrom North Americato
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dilution� andthetiming of lifting processesovertheNorthAtlantic hasbeenexploredby Wild et

al. [1996]. Herewequantifytheimportanceof O� productionin thefreetropospherefromfossil

fuel sourcesin EastAsia,andexaminehow meteorologicalprocessescontrolits variability. The

aim is to investigatethe evolution of the chemicaloutflow over the Pacific in springtimeand

its sensitivity to meteorology, andhenceto contribute to a betterunderstandingof the global

impactsof this region.

We determinetheinfluenceof pollutedmetropolitanregionsby makinga smallperturbation

(20%)to thefossilfuelandindustrialsourcesof NO� , CO,andnon-methanehydrocarbonsovera

singleregionforoneday. Wefollow theimpactsof thisperturbationoverthefollowing5weeksby

comparingthissimulationwith acontrolrunwith thestandardemissions.Separateperturbations

areperformedfor eachof the31 daysin Marchandfor eachof the four metropolitanregions

definedabove. Theresultsarepresentedhereasalinearizedextrapolationof thedailyemissions,

scalingthemodestchangesappliedto afull day’semissions.Theprimarydiagnosticspresented

are the grossproductionof O� and the perturbationto O� abundance.The grossproduction

providessomeinsight into the time scalesandlocationof chemicalformation. However, the

impactsof precursoremissionsareprincipallydrivenby theadditionalO� abundance.Thisis the

moreusefuldiagnostic,sincethelifetimeof O� variesgreatlywith latitudeandaltitude,andmay

besufficiently shortcomparedto transportthatmuchdoesnot escapetheregion of formation.

Both thesediagnosticsareconsideredover threedistinctvolumes:theregionalboundarylayer

(RBL) overthemetropolitanregion,thedistantboundarylayer(DBL) comprisingtheboundary

layerovertherestof theglobe,andthefreetroposphere(FT).Thesethreevolumestogethercover

theglobal troposphere.To reducethecomputationalrequirementsof this study, thehorizontal

resolutionof themodelis reducedtoT21(5.6
 x5.6
 ). While thisincreasestheeffectivesizeof the
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metropolitan� regionsconsidered,theadditionalspatialaveragingmayalsoleadtooverestimation

of regionalO� production,asnotedabove. Wefind anincreasein O� formationin theEastAsian

boundarylayerin Marchof about10%;sampledalongtheaircraftflight tracksthereis increased

productionbelow 2 km, reducedproductionbetween2 and8 km, andvery little changein the

uppertroposphere,consistentwith thechangesin chemicaltimescalesexpectedduetoresolution.

4.1. Evolution of OzoneProduction

Figure5 showscontrastingexamplesof regionalandglobalO� perturbationsfollowing emis- Figure 5

sionspulsesover Shanghai.The meteorologicalconditionson thesedaysandthe additional

grossO� productionover thefirst threedaysareshown in Figure6. On March12, the region Figure 6

wasdominatedby a high pressuresystemwith clearskiesandlow humidity, leadingto rapid

boundarylayerO� production.Large-scalesubsidencepreventedlifting of precursorsandout-

flow of air wasprincipally at low altitudes;direct export of O� and further productionfrom

exportedprecursorsbothcontributeto aboundarylayerenhancementoutsidetheregion. Signif-

icanteastwardtransportandlifting donotoccuruntil afterthethird day, by which timemostof

theadditionalprecursorNO� hasbeenremoved,andsubsequentproductionabovetheboundary

layer accountsfor lessthan10% of the total O� production. After the first week,about60%

of theadditionalO� is in themid-troposphere(750–400hPa), but only about10%reachesthe

uppertroposphere(above400hPa),mostlyin asinglelifting eventaheadof acyclonenortheast

of Japanon March18 (day7). Theperturbationdecaysquickly in themid-tropospheredueto

chemicaldestructionandsubsidence,with ane-folddecaytimeof four weeks,but moreslowly

elsewhere.Interestingly, boundarylayerO� remainssteadyover thesecondandthird weeks,as

chemicaldestructionanddepositionto the oceanis counterbalancedalmostequallyby subsi-
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dence� from thetroposphereandby additionalformationfollowing thesubsidenceandthermal

decompositionof PAN over theeasternPacific.

In contrast,onMarch16theareawasunderheavy cloudcoverclosetoaregionof cyclogenesis,

andboundarylayerO� formationwasgreatlyreduced.Regionalproductionpeakedonthesecond

day, andtotal productionwasonly half thatof March12. However, convectionassociatedwith

thecloudcover lifted precursorsinto thefreetroposphere,andsignificantadditionalformation,

almost40%of thetotal,occursthereonlongertimescales.ThemaximumglobalO� perturbation

doesnot occuruntil day 7, emphasisingthe slower meanchemicalformationratescompared

with March12,but themagnitudeisverysimilar. A largerproportionof theO� change(25–30%)

occursin theuppertroposphereandis stronglydominatedby downwindproduction,in contrast

to March 12. However, O� in the mid-tropospheredecaysmorequickly in this case,with a

lifetime of threeweeks,reflectingdifferentmeteorologicalimpactsoverthePacificandbeyond,

andtheglobalperturbationdecaysat aslightly fasterrate.

Although the precursoremissionsin thesetwo casesare the sameand the integratedO�

perturbationsare very similar (within 2% over the first month), the O� responsesare quite

different. In the former caseregional productionis rapid and O� is then transportedto the

globalatmosphere,while in thelattercaseproductionis slow, transportof precursorsis greater,

andtotal formationis dominatedby troposphericproductionoutsidethe region. Thesecases

arerepresentative of thecook-then-mixandmix-then-cookscenariosof ChatfieldandDelany

[1990], althoughthe lifting processesherearenot asstrongasin thetropical regionsof South

Americathat they considered.Thecombinationof lifting processespresentover this region is

revealedfor theMarch16casein Figure6. Convectivelifting of precursorsonthefirst dayleads
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to enhancement
 of O� formationat 350hPa,but slower lifting aheadof a frontal systemon the

third dayleadsto arisingbandof enhancedformationin thelowertropospherereaching140
 E.

Theevolution andlocationof additionalgrossproductionis shown in Figure7. While pro- Figure 7

ductionin theregionalboundarylayeris limited to 3–4daysdueto transportof precursorsoutof

theregion,subsequentformationin thetropospherecontinuesfor morethana month. Initially

thisis restrictedcloseto thesourceregion;the3-dayperiodshown in Figure6 represents70%of

thetotal formationfor March12,and50%for March16. Thegreaterdirectexportof precursors

on March 16 leadsto much greaterproductionoutsidethe region in the first week, most of

which occursover theWesternPacific. Thelongitudinalvariationin Figure7 suggeststhatup

to 18%of theformationfor theMarch16 caseoccursbetween125
 E and150
 E in theregion

sampledduringtheTRACE-Pcampaign,but only 6% for theMarch12 case.However, in both

casesmorethan25%of formationoccursafterthefirst week,andalmost20%occurseastof the

dateline.For theMarch16 case,O� formationdropsoff steadilywith time anddistancefrom

the source,andfurther formationis governedby longertime scalesin the uppertroposphere.

For theMarch12case,on theotherhand,almost10%of thetotal formationoccursin thelower

troposphereover theeasternPacific, following subsidenceandthermaldecompositionof PAN

duringthesecondweek.Note,however, thatthisregionremainsanetsinkfor O� , asdestruction

of transportedO� formedearlierexceedsthis additionalformation. This is in goodagreement

with previousstudiesof thecentral/easternNorthPacific regionby DiNunnoet al. [2003].

Despitethe differentregional responses,the net global responsesareof similar magnitude,

suggestingthat it maybepossibleto parameterizetheglobal impactson O� basedon regional

emissionsalone. However, this is not alwaysthecase,andthe global impactscansometimes

differ substantially, asweshalldemonstratebelow.
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4.2. GrossProduction

WecalculategrossO� productionover thesourceregionandovertheglobein thefirst month

following eachpulseof emissions.Figure8 shows the grossadditionalformation following Figure 8

pulsesfor eachday of March over Shanghaiandover Tokyo. For eachregion emissionsare

thesameeachday; while NO� emissionsover the two regionsarecomparable,CO emissions

over easternChinaarealmostfive timeslarger thanover Japandueto the prevalenceof coal

andbiofuel burning. The sameexperimentswereperformedfor Beijing andHongKong; the

impactsaresimilar to thoseoverTokyo andShanghai,respectively, andthetotalproductionand

variability arepresentedseparatelyin Table2. Table 2

Ozoneformationfrom local sourcesover the Shanghairegion is morethantwice that over

Tokyo, but total global formationis similar, only about15%greater. In bothcases,formation

downwindof thesourceregiondominatesglobalformation,with regionalproductionaccounting

for about40%of thetotal from Shanghai,but lessthan20%from Tokyo. Thelowerproportion

for Tokyo reflectsboth longer time scalesfor chemicalformationdueto lower temperatures

andshorterdaylighthoursandshorterair massresidencetimesdueto differentmeteorological

conditions. Stagnant,anticyclonic conditionsaremorecommonover easternChina,andlead

to greaterproductionandlessvariability thanthechangeableconditionsassociatedwith frontal

passageover Japan.Both regionsshow a greaterdaily variability in regionalproduction(20–

40%)thanin globalproduction(8–12%),suggestingthatregionalmeteorologyhasa relatively

small impacton total grossproduction,andexertsmorecontrolover the locationof formation

via thechemicalanddynamicaltimescalesthanover its totalmagnitude.

Downwindproductionin thetroposphereisatleastasimportantfromthemorenortherlysource

regionsof Tokyo andBeijing as from ShanghaiandHong Kong, despitethe lower regional
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production.� However, the longer time scalesfor chemicalformation suggestthat the more

southerlyregionswill makeabiggercontribution to totalproductionoverthewesternPacific in

theregionsampledduringtheTRACE-Pcampaign,while themorenortherlysourcesdominate

at greaterdistances.

4.3. Mean Burden

Theimpactsof precursoremissionsareprincipally drivenby theadditionalabundanceof O�

ratherthanby thegrossproduction.We thereforeconsidertheadditionalmeanglobalburden

over the first month,broadly representative of the radiative impactsover the period,and the

meanregionalburdenaveragedover threedays,reflectingtheimpactsonair quality, seeFigure

9. This revealstheimportanceof thelocationandlifetime of theO� formed. Figure 9

For Shanghai,the variability in the regional burdenis muchlarger thanthat in production.

Fair-weather, anticyclonic conditionsfavouring O� formation,suchas that on March 10–12,

areoftenassociatedwith relatively stagnantconditions,andO� build-up is consequentlylarge.

However, suppressionof lifting processesin theseconditionsleadstoexportof O� andprecursors

principally in the boundarylayer, wherethe lifetime of O� is shorterthanat higheraltitudes,

andwhereadditionalproductionfrom exportedprecursorsis relatively inefficient. Theimpact

on theglobalburdenis consequentlylessin thesestagnantconditionsthanat othertimes. This

confirmsspeculationby Sillmanand Samson[1995], basedon studiesof O� productionin a

one-dimensionalmodel, that the global burdenof O� may be affectedto a greaterextent by

surfaceemissionswhenlocalizedhighO� doesnotoccur.

OverTokyo, thefrequentpassageof cyclonicsystemsin Marchdoesnotallow muchbuildup

of O� fromregionalemissions.However, theimpactsontheglobalburdenarealmost50%larger

thanoverShanghai,despitelowergrossproduction.This is becauseformationanddestruction
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aresufficiently slow that moreO� reacheshigheraltitudesandlatitudeswherethe lifetime is

longer. ThehigherCOemissionsoverShanghaiareresponsiblefor about40%of theglobalO�

perturbation,and25%of theregionalperturbation,suggestingthatTokyo mayhave morethan

twice the impacton theglobalO� burdengiventhesameemissions.Thegreatermeanglobal

burdenwould suggestthat thesenortherlyfossil fuel sourceshave a greaterimpacton climate

forcingthroughO� thanregionssuchasShanghaior HongKong. However, afull assessmentof

theclimateimpactswouldrequireadetailedcalculationof radiativeforcing takinginto account

thelocationof thesechanges,andinclusionof theindirecteffectson troposphericmethane.

4.4. OzoneProduction Efficiency

To highlight theimportanceof thebalancebetweenchemicalanddynamicaltime scales,we

considerthelocationandproductionefficiency of O� formedfrom eachday’semissions.Figure

10 shows the grossproductionof O� againstthe NO� lost for eachpulseover the regional Figure 10

boundarylayer(Shanghaior Tokyo), thedistantboundarylayer, andthefreetroposphere.The

globalproductionis thesumof theproductionin thesethreedomains,andthe total NO� loss

is thesamein eachcaseandis equalto theadditionalemissions.Theproductionefficiency is

definedhereasthegrossproductionof O� permoleculeof NO� lost,asin Liu et al. [1987].

Foreachsourceregion,theO� productionvaluesclusterquitecloselyalonglinesrepresentative

of theO� productionefficiency for thatdomain,andmeanproductionefficienciesarelabelled

in the figure. While thereis a small spreadin efficienciesreflectingdifferentconditions,the

valuesaresufficiently differentover thedomainsconsidered,typically a factorof 10 between

the polluted boundarylayer and the free troposphere,that the clustersremainquite distinct.

Over Shanghai,an averageof 40% of the grossO� productionoccursin the boundarylayer

from about70% of the NO� emitted. Respectively 40% and 20% of the productionoccur
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in the� distantboundarylayer and free troposphere,whereproductionefficienciesarehigher.

Chemicaltime scalesaresufficiently rapidthattheboundarylayerdominatesremoval of NO� ,

andonly anaverageof 4% reachesthefreetroposphere.Note,however, that thecoarsemodel

resolutionusedin thesesimulationsmay leadto a systematicbiasin theseconditions,with an

underestimationof NO� exportasseenin Section2. OverTokyo, 20%of theproductionoccurs

in theboundarylayer from 50%of theNO� emitted,with another50%in theboundarylayer

outsidethesourceregion. Slower chemicalproductionandshorterdynamicaltime scaleslead

to a muchgreatervariability in boundarylayer NO� removal, andan averageof 10%reaches

thefreetroposphere.TheO� productionefficienciesovereachdomainareabouthalf thoseover

Shanghai,consistentwith slower photochemicalformation. However, the total productionis

similar dueto the differentdistribution of productionbetweenthe domains.This emphasizes

theimportantrole thattransportof precursorsplaysin controllinggrossO� production.

Dayswith heavy daytimecloud cover (optical depthgreaterthan10) arehighlightedwith

unfilledmarkersin Figure10. Thesetypically havelowerproductionefficienciesin theregional

boundarylayerdueto theincreasedcloudcover, but slightlyhigherproductionefficienciesin the

freetroposphere.BoundarylayerNO� lossis lessthanaveragedueto thelower abundanceof

OH, anda greaterproportionof theNO� is lifted into thetroposphereby convectiveprocesses,

wheretotal productionis abouta factorof two greater. Consequently, thesechangesin time

scalesshift someO� productionout of theboundarylayer into thefreetroposphere,but do not

alter the grossproductionor the meanburdengreatly. Comparingthe 5 daysof heavy cloud

coveroverShanghaiwith 10 largelycloud-freedays,wefind anincreasein grossproductionof

5% andan increasein meanburdenof 10%, suggestingthat the impacton global O� may be

largeron overcastdaysthanin fair-weatherconditions.
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4.5. Sensitivity to Meteorology

Toinvestigatethesensitivity of regionalandglobalO� productiontometeorologicalprocesses,

weconsiderthechangesto theconditionsoverShanghaionMarch16requiredto reproducethe

additionalO� foundonMarch12. Convection,rainfall andcloudopticaldepthoverShanghaiare

removedfor March16,andthetemperature,humidity, boundarylayerheightandO� columnare

setto approximatethefair weathervaluesof March12,for bothemissionpulseandcontrolrun.

With all changesapplied,globalproductionis about15%greaterthanon March12, reflecting

theeffectsof differing transportpatternsandresidencetimes,which werenot altered.

By alteringeachvariablein turn,andneglectingthecouplingbetweenthem,weestimatethat

about60%of thedifferencein regionalproductionis dueto cloudcoversuppressingphotolysis

rates,20%is accountedfor by reduceddilution of precursorsdueto the lower boundarylayer

height,and15%is dueto suppressedconvectionpreventinglifting of precursors.Theremaining

5% is dominatedby increasedtemperature,but also reflectsreducedhumidity and total O�

column. Suppressingconvectionreducesthe global productionby about20%, reflectingthe

greaterproductionefficiency per moleculeof NO� in the free troposphere,but reducesthe

additionalglobal burdenof O� by 45% dueto the short lifetime of O� in the boundarylayer.

Removing theimpactof cloudson photolysisratesincreasesglobalproductionby about15%,

with 60%greaterboundarylayerproductionbalancedagainst5%lessproductionelsewheredue

to lackof enhancementin photolysisratesaboveclouds,andto reducedexportof precursorsdue

to shorterproductiontime scales.The resultantimpacton theglobalburdenis very small, as

theseeffectscancel.Increasingtheboundarylayermixing height,appropriateto thefairweather

conditionson March12, leadsto anincreasein globalproductionof almost40%asit provides

an alternative methodof lifting precursorsinto the free troposphere.Note, however, that no
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attempt� hasbeenmadein this sensitivity studyto keeptheconditionsdynamicallyconsistent.

Stagnationandsubsidenceon March 12 preventprecursorsexportedby this mechanismfrom

beingcarriedaway to regionsof higherproductionefficiency. This interactionof dynamical

processesemphasisestheneedfor boundarylayerturbulenceto befully consistentwith thelarge

scaledynamicsto correctlysimulateproductionof O� in thefreetroposphere.Nevertheless,this

sensitivity studydemonstratesthattheclear-sky conditionswhichstronglyinfluenceregionalO�

productionmayhave little impacton theglobalabundanceof O� , andthattheseglobalimpacts

aremoststronglyinfluencedby lifting processes.

5. Conclusions

Wehaveexploredthemagnitudeandpatternsof O� productionfromcontinentalemissionsover

EastAsia in springtimeusingaglobalCTM. Thestrengthsandweaknessesin thesimulationof

regionalO� productionaredemonstratedby comparingit with valuesderivedfrom observations

duringtheNASA TRACE-Pmeasurementcampaign.Thelatitudinalandaltitudinalvariations

in productionanddestructionarewell simulated,althoughthereis a tendency to underestimate

netproductionin theuppertroposphere,andto overestimateit in thepollutedboundarylayer,

suggestingthat thetime scalesfor productionin themodelaretoo short. High productionand

destructionratesarefoundin continentaloutflow regions,but themagnitudesarenotreproduced

well wheresmall-scalepollution plumesoccurator below themodelresolution.

We presentanO� budgetfor EastAsia in springtime,finding relatively constantproduction

overtheseason.However, wenotethatthismasksanincreasefromnortheastAsiansources,due

to increasinglyefficientphotochemicalformation,andadecreaseoversoutheastAsiaasthepeak

in biomassburningemissionshaspassed.OvereasternAsia,wenoteastronglatitudinalgradient
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in O� � productionfrom largeurbansourcesin Februarywhichdiminishesduringspringtimeand

vanishesby April.

We demonstratethatO� productionover majoreastAsiansourceregionsis highly variable,

and is largely governedby meteorologicalprocesses,as previous studiesover other regions

have found [e.g.,Jacobet al., 1993]. On a global scale,we find that regional meteorological

variationshave muchlessimpacton the global productionthanon the regional productionof

O� , but that the net burdenof O� is moredependenton themdueto the variationin location

of production. Warm,stagnant,anticyclonic conditionsgreatlyfavour regionalO� production

which may leadto significantpollution episodes,but reducedexport of precursorssupporting

subsequentproductionandlittle lifting of theO� formedleadsto shortO� lifetimesandsmall

globalimpacts.In cool,cloudyconditionsboththeregionalformationrateandtheefficiency of

productionfrom precursorsarereduced,but shorterboundarylayerresidencetimesandlifting

of O� andits precursorsby convectionassociatedwith cloudcoverenhancesboththeefficiency

of productionandthe lifetime, andtheglobal impactsaretypically larger thanin fair-weather

conditions.We suggestthat thereis oftena balancebetweenthetime scalesfor formationand

for transportwhichbuffersthetotalproduction,but thattheconsequentvariationin thelocation

of productionmayhavea largeimpacton thechemicallifetime of theO� formed.Theimpacts

ontheglobalburdenof O� , importantfor assessmentof climateeffects,aremoresensitiveto this

balance.AttemptstoestimateglobalimpactsonO� basedonregionalexportof precursorswould

thereforegreatlybenefitfrom someconsiderationof thealtitudinaldistribution of expectedO�

formation.

Understandingthe chemicalevolution of continentaloutflow from Asia formedoneof the

objectivesof theTRACE-Pcampaign.Wefind thatgrosschemicalproductionin thetroposphere
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away� from thesourceregion exceedsproductionin theregionalboundarylayerfor eachof the

four 500-kmsquaremetropolitanregionsconsidered.While thebalancebetweenregionaland

distantproductionis dependenton the sizeof the region considered,productionoutsidethe

regionalboundarylayerremainsimportantin all casesstudiedhere,andis greaterwhensource

regionsare coveredby cloud than whenclear, anticyclonic conditionsprevail. The contrast

in springweatherbetweeneasternChinaandJapanleadsto the greaterimportanceof remote

productiondownwind of Tokyo thandownwindof Shanghai,eventhoughformationratesover

thenorthwesternPacificmaybelessdueto thelongerchemicaltimescalesinvolved.Thelonger

lifetime of O� from thesemorenortherlysourceregionsleadsto a greaterimpacton theglobal

burden,despitethesmallergrossproductionthatoccurs.

Whatbiasesarepresentin theseresults?Therelatively coarseresolutionof themodelused

hereis shown to leadto overestimationof productionin theboundarylayerandunderestimation

in thefreetroposphere,andhenceboththeimportanceof freetroposphericproductionandthe

meteorologicalimpactsontheglobalburdenmaybelargerthansuggestedhere.Thesimplebulk

mixing approachto boundarylayerturbulencemayalsoleadto overestimationof regionalpro-

duction[Wild etal., 2003]. Dustaerosolfrom northernandwesternChina,maximumin spring,

andblack carbonfrom high levels of wintertimecoal-burning both leadto significantreduc-

tion in photolysisrates,andmaybeexpectedto reduceregionalO� production.Heterogeneous

chemicalprocessesonthesurfaceof theseaerosolmayalsoinfluenceproduction[Jacob, 2000].

OurconclusionsregardingtheglobalimpactsonO� arealsosensitiveto thechemicaltreatment

of PAN in themodel,which is responsiblefor muchof theremoteO� formation.Despitethese

inadequacies,wedemonstratethestronglink betweenregionalmeteorologicalprocessesandO�

production,andsuggestthatfuturestudiesfocusingonotherpartsof theworld atothertimesof
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year� explorein moredetailhow themechanismscontrollingO� transportalsoaffectits chemical

productionandlifetime.
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Table1. Net BoundaryLayerO� Production,February—April2001.

Region Domain Production Trend
Gg day�

�
Gg day�

�

EastAsia 5
 –45
 N 95
 –150
 E 246 0.1
China 22
 –45
 N 100
 –125
 E 134 0.7
Europe 35
 –67
 N 10
 W–30
 E 125 2.0
U.S. 28
 –49
 N 124
 –70
 W 187 3.0

Table2. OzoneProductionfrom OneDay’s Emissionsof Precursorsin March2001.

Region Emissions GrossProduction MeanBurden

NO� CO Region Globe Fraction Region Globe
(10

�
kgN) (10

�
kg) (10

�
kg) (10

�
kg) in region (10

�
kg) (10

�
kg)

Beijing 730 19.5 2.4� 1.3 16.9� 2.6 0.14 0.03� 0.15 5.67� 1.39
Tokyo 780 4.3 3.6� 1.5 18.7� 2.3 0.19 0.29� 0.33 7.77� 1.43
Shanghai 720 21.1 8.8� 1.7 21.5� 1.8 0.41 1.86� 0.96 5.41� 0.80
HongKong 730 17.2 9.9� 2.2 24.8� 3.8 0.40 2.14� 0.74 6.43� 1.66
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Figure 1. Net chemicalO� tendency (10
�

moleculescm�
�

s�
�
, top panel)over the WesternPacific

(westof 145
 E southof 30
 N, westof 160
 E north of 30
 N) from the CTM (left) andfrom steady-

statecalculationsconstrainedby aircraftmeasurements(right) alongflight tracksduringtheTRACE-P

campaign. The lower panelshows the grossO� productionanddestructionrates;note the different

colourscaleused.

Figure 2. Profilesof sampledvariablesbinnedby altitudeshowing themean(circles),median(ver-

tical bar),quartiles(definingbox) and10th/90thpercentiles(horizontallines)at each1-km level over

the WesternPacific region. CTM distributionsare shown in cyan, aircraft observationsin red, and

instantaneoustendenciesfrom steady-statebox modelcalculationsin blue.

Figure 3. Daily netchemicalO� tendency in theboundarylayerover theeastAsian/westernPacific

region (5
 –45
 N, 95
 –150
 E, solid lines) andover China(22
 –45
 N, 100
 –125
 E, dashed)between

FebruaryandApril 2001,highlightingthedaily variability andtemporaltrendsover theperiod.

Figure 4. Net chemicalO� tendency over four largemetropolitansourceregionsin EastAsia during

Spring2001.

Figure5. Additionalmassof O� from oneday’semissionsof precursorsfrom Shanghaion March12

(top)andMarch16(bottom).Notethatthealtituderegionsareadditive; togetherwith thestratospheric

impacts(whicharesmall)they give theglobalperturbation.
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Figure 6. Column-and latitude-meanadditionalgrossO� production(pptv) over the first 3 days

following oneday’s emissionsof precursorsfrom Shanghaion March12 (left) andMarch16 (right).

Meansea-levelpressure(contours)andcloudopticaldepth(shading)attheendof thefirstdayareshown

in theupperpanels.

Figure7. CumulativeadditionalO� formationwith time(left) andwith longitude(right) followingone

day’s emissionsof precursorsfrom Shanghaion March12 (black)andMarch16 (grey), revealingthe

temporalandspatialevolution of grossproductionover thefirst month. Theinsertsshow theabsolute

productionon a log scaleto highlight additionalformationover the easternPacific afterday 7 in the

March12 case.

Figure 8. Additional grossO� productionoveronemonthover thesourceregion (black)andover the

globe(grey) following oneday’s emissionsof precursorsfrom Shanghaiandfrom Tokyo for eachday

of March.

Figure 9. Meanadditionalmassof O� following eachday’s emissionsof precursorsfrom Shanghai

andTokyo, showing theadditionalO� overthesourceregion(averagedover3 days,black)andoverthe

globe(averagedoveronemonth,grey).

Figure 10. Grossproductionof O� andlossof NO� from onedayof emissionsover Shanghai(left)

andTokyo (right) for eachdayof Marchshowing formationin theregion boundarylayer(squares),in

thedistantboundarylayer (triangles)andin the free troposphere(circles). Unfilled symbolsindicate

dayswith heavy daytimecloudcover.
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Figure 1. Net chemicalO� tendency (10
�

moleculescm�
�

s�
�
, top panel)over the WesternPacific

(westof 145
 E southof 30
 N, westof 160
 E north of 30
 N) from the CTM (left) andfrom steady-

statecalculationsconstrainedby aircraftmeasurements(right) alongflight tracksduringtheTRACE-P

campaign. The lower panelshows the grossO� productionanddestructionrates;note the different

colourscaleused.
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Figure 2. Profilesof sampledvariablesbinnedby altitudeshowing themean(circles),median(ver-

tical bar),quartiles(definingbox) and10th/90thpercentiles(horizontallines)at each1-km level over

the WesternPacific region. CTM distributionsare shown in cyan, aircraft observationsin red, and

instantaneoustendenciesfrom steady-stateboxmodelcalculationsin blue.
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Figure 3. Daily netchemicalO� tendency in theboundarylayerover theeastAsian/westernPacific

region (5
 –45
 N, 95
 –150
 E, solid lines) andover China(22
 –45
 N, 100
 –125
 E, dashed)between

FebruaryandApril 2001,highlightingthedaily variability andtemporaltrendsover theperiod.
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Figure 4. Net chemicalO� tendency over four largemetropolitansourceregionsin EastAsia during

Spring2001.
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Figure 5. Additionalmassof O� from oneday’semissionsof precursorsfrom ShanghaionMarch12

(top)andMarch16(bottom).Notethatthealtituderegionsareadditive; togetherwith thestratospheric

impacts(which aresmall)they give theglobalperturbation.
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Figure 6. Column-and latitude-meanadditionalgrossO� production(pptv) over the first 3 days

following oneday’s emissionsof precursorsfrom Shanghaion March12 (left) andMarch16 (right).

Meansea-levelpressure(contours)andcloudopticaldepth(shading)attheendof thefirstdayareshown

in theupperpanels.
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Figure7. CumulativeadditionalO� formationwith time(left) andwith longitude(right) followingone

day’s emissionsof precursorsfrom Shanghaion March12 (black)andMarch16 (grey), revealingthe

temporalandspatialevolution of grossproductionover thefirst month. Theinsertsshow theabsolute

productionon a log scaleto highlight additionalformationover the easternPacific afterday 7 in the

March12 case.
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Figure 8. Additional grossO� productionoveronemonthover thesourceregion (black)andover the

globe(grey) following oneday’s emissionsof precursorsfrom Shanghaiandfrom Tokyo for eachday

of March.
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Figure 9. Meanadditionalmassof O� following eachday’s emissionsof precursorsfrom Shanghai

andTokyo,showing theadditionalO� overthesourceregion(averagedover3 days,black)andoverthe

globe(averagedoveronemonth,grey).
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Figure 10. Grossproductionof O� andlossof NO� from onedayof emissionsover Shanghai(left)

andTokyo (right) for eachdayof Marchshowing formationin theregion boundarylayer(squares),in

thedistantboundarylayer (triangles)andin the free troposphere(circles). Unfilled symbolsindicate

dayswith heavy daytimecloudcover.


